Abstract-In this paper, we propose a novel home area networks (HAN) architecture using MMW radio-over-plastic optical fiber (MMW/RoPOF) to provide high-speed wireless connections to end users. The proposed HAN can support bidirectional half-duplex communication between any pair of mobile stations (MSs) thanks to the use of analog network coding in optical domain implemented at a center station (CS). We analyze the performance of an end-to-end communication link between two MSs under the impact of major physical impairments originated from both fiber and wireless links. The numerical results in terms of bit error rate (BER) and normalized throughput demonstrate that it is feasible to deploy MMW/RoPOF in HAN. In addition, useful information for the design of HAN can be obtained from this paper.
Introduction
H OME area network (HAN) may be defined as a part of network which distributes the Internet to the different floors or rooms in the house. It provides the communication and sharing of resources between computers, mobile, and other wireless devices over a network connection. Currently, HANs are mainly a mixture of different wired and wireless network technologies such as twisted-pair copper lines, Cat-5 unshielded twisted pair cables, power lines, and wireless connectivity. All these technologies have limited bandwidth that prohibits the deployment of broadband services, e.g., fast data streaming among the devices [1] - [3] . Nowadays, HAN has been rapidly recognized as a complex network because of the increase in the number of connected devices at home which require the high data rate and wireless connection. Consequently, there are many wired and wireless technologies proposed for HAN, where the use of optical fiber has shown its advantages of high reach, high quality, and large capacity while wireless technologies can provide the flexibility and mobility for end users. To inherit the advantages from both optical fiber and wireless connection, recent trends have led to a proliferation of studies that combine them in HANs. Accordingly, the radio-over-fiber (RoF) technology was developed to simplify the architecture of the base stations (BSs) [3] , [4] .
Conventional RoF systems are mainly based on microwave radio frequency with limited bandwidth. To overcome this limitation, the millimeter-wave band (with the frequency of 30-300 GHz), which could deliver 1000 times the throughput of traditional RF band, is a good alternative. Moreover, the MMW band has the other advantages such as unlicensed band and easy development. Despite its advantages, the MMW band has some disadvantages, for example, it has high attenuation and cannot cross the walls. As a consequence, the coverage is limited in a single room or small area, which is suitable to be deployed in HAN [4] .
Recently, several researchers have proposed to use millimeter-wave RoF (MMW/RoF) technique to ensure the coverage of all rooms or areas in a house. This technique has the advantages of high data rate, high quality of service, and transparency to any radio protocols and modulation format [2] - [4] . A concept of MMW/RoF for HAN is shown in Fig. 1 . As can be seen from the figure, RoF links are used to connect center station (CS) with base stations located at different rooms whereas MMW links are responsible for delivering the signal from BSs to end users (i.e., mobile stations, MSs). With the help of MMW/RoF, all complicated signal processing functions are performed at CS while BSs, which become remote antenna units (RAUs), are simple, cost-effective, and energy-efficient. MMW/RoF is, therefore, suitable for HAN, whose BSs mounted on the walls or ceilings should be designed as simple as possible.
Recent developments in the field of wireless and optical networks have heightened an interest in network coding (NC) due to its advantages, such as improving network throughput, reducing network congestion, increasing network reliability and security, providing protection for multicast network, and enabling fullduplex bidirectional transmission [5] - [7] . There have been also some demonstrations in applying NC on wireless communications networks [8] and optical networks [9] - [11] , separately. Recently, digital NC has been demonstrated in RoF based Fiber-Wireless (FiWi) networks [5] , [6] , [12] . However, all above-mentioned studies were based on the specific experimental conditions and consequently, could not evaluate the network performance comprehensively as well as provide useful information for network design.
The aim of this paper, therefore, is to propose the architecture of a novel HAN using MMW/RoF and analog network coding (ANC) [13] - [17] and provide a conceptual performance analysis of a CS-based bidirectional relaying MMW/RoF system. In our proposed architecture, CS plays a role as a relay node, which helps to exchange the packets between any two MSs. In traditional approach without using network coding, bidirectional relaying system required three time slots to complete sending the data (i.e., two packets) between two terminal nodes, e.g., MS 1 and MS 2, via a relay node (CS) as shown in Fig. 2a [12] . In our proposed architecture, by using network coding at the CS, the number of required time slots could be reduced to two time slots as shown in Fig. 2b . More specifically, packets from MS 1 and MS 2 could be transmitted to CS via RAU 1 and RAU 2 at the same time, which consumes one time slot. Then, CS simply combines, amplifies, and broadcasts the combined signal to MS 1 and MS 2 in the second time slot. Since MS 1 knows the data it transmitted, it can therefore subtract this data from the received interfered signal to get the data sent from MS 2. Similarly, MS 2 can recover the signal from MS 1. Thanks to the reduction of time slots, the throughput of our proposed RoF system is improved.
Performance of the proposed CS-based bidirectional bidirectional relaying MMW/RoF system using ANC is analyzed in terms of bit error rate (BER and throughput considering the effects of various physical layer impairments originated from the optical/RF transceivers, optical fiber, and wireless channel. These impairments include noise, fiber loss and dispersion, and fading. In our analysis, we propose to consider the use plastic optical fiber (POF). For HANs with the bit rate lower than 10 Gbit/s, POF is more suitable than single mode fiber (SMF) since POF is the simplest to install, resistant to heat, humidity, and vibrations. The rest of this paper is divided into four sessions. Section II demonstrates the proposed architecture of home area network using MMW/RoF and ANC. In Section III, performance analysis is carried out to derive the expressions for calculating the normalized throughput and BER of the CS-based bidirectional relaying MMW/RoPOF system. Next, the numerical results and discussions are presented in Section IV. Finally, Section V concludes the paper.
System Model
The block diagram of the proposed HAN architecture based on bidirectional relaying MMW/RoF system using ANC at the CS is shown in Fig. 3 . For illustrative purpose, the communication between two MSs is presented in detail.
In the first time slot, the data (i.e. packets) from two mobile stations (MS 1 and MS 2) is modulated with MMW RF carrier before being sent wirelessly to the respective remote antenna units (RAU 1 and RAU 2). At RAUs, data modulated-MMW RF signal is again modulated with optical carrier at wavelength λ 1 (or λ 2 ) generated by a laser diode (LD). The external modulation is carried out thanks to Mach-Zehnder Modulator (MZM). Finally, optical signal outputted from RAUs is sent via shared plastic optical fiber to the CS, where optical network coding (ONC) is performed in optical domain. More specially, two optical signals are combined and then converted to wavelength λ 3 before being broadcasted back to two RAUs via the POF.
In the second time slot, the signal arriving at each RAU is converted to electrical signal by the means of a photodiode (PD 1 at RAU 1 and PD 2 at RAU 2). After that, the electrical signal is transmitted via wireless link to respective MS, where electronic decoding process is performed to obtain the desired signal. At MS 1, for example, the MMW RF signal, which is actually the combination of two RF signals originated from MS 1 and MS 2 in the first time slot, is first subtracted to the RF signal of MS 1 itself that was delayed one time slot. Consequently, signal at the output of the subtractor is the RF signal from MS 2 only. This RF signal is demodulated to recover the binary data sent from MS 2. A similar process is performed at MS 2 to obtain the data from MS 1.
Performance Analysis
In the section, we first derive the expressions for the signal-to-noise ratio (SNR) of the link from MS 1 to MS 2 (γ 1 ) and the link from MS 2 to MS 1 (γ 2 ). Based on these SNRs, the system performance in terms of BER and throughput will be investigated.
Signal-to-Noise Ratio
Signal-to-noise ratios are derived based on the system model shown in Fig. 3 , where CS plays a role as a relay node. For the sake of simplicity, the impact of physical impairments caused by signal processing at CS are ignored.
At MS 1, the electrical data is modulated with the millimeter wave carrier, then filtered and amplified to create the signal, s 1 (t). Next, the signal from MS 1 is transmitted to RAU 1 via MMM link. At RAU 1, the received signal is modulated with the optical carrier from LD1 by using MZM 1, whose modulation index is m 1 . At the same time, the signal from MS 2 (i.e., s 2 (t)) is transmitted to RAU 2 with the same way. Then, the modulated optical signals from RAU 1 and RAU 2 are multiplexed and transmitted via POF to CS. At the CS, two optical signals at wavelength (λ 1 and λ 2 ) are inputted to optical network coding (ONC) component, where these signals are first mixed in a single PD, amplified, and then conveyed in wavelength λ 3 . The combined signal at CS could be presented as
where P S1 and P S2 the RF transmitted power from MS 1 and MS 2. h 11 and h 12 are the channel coefficients of wireless channel of MS 1 to RAU1 and from MS 2 to RAU 2. G U1 and G U2 are RF amplifier gains of RAU 1 and RAU 2. h 21 and h 22 are the channel coefficients of POFs from RAU 1 and RAU 2 to CS. m 1 and m 2 are the modulation indices of two MZMs at RAUs. P U1 and P U2 the optical transmitted power of RAU 1 and RAU 2, respectively. Considering the fiber loss and fiber dispersion, the optical channel coefficient can be expressed as
where α is fiber attenuation coefficient. L 1 and L 2 are the length of POF from the CS and two RAUs, respectively. h CD is the decrease in signal power due to the chromatic dispersion, which is given by [18] h CD = exp (−2π∆υ m ∆τ ) ,
where ∆υ m is the full width at half maximum (FWHM) of the laser power spectrum, ∆τ is the differential propagation delay of two optical signals due to chromatic fiber dispersion, which is given by
where D represents the fiber dispersion parameter; c is the velocity of light in vacuum; λ is the wavelength; and f mm is the MMW frequency. For the wireless channel, the channel loss is written as
where G T x1 and G T x1 are the transmitting and receiving antenna gains of wireless link from MS 1 to RAU 1; G T x2 and G T x2 are the transmitting and receiving antenna gains of wireless link from MS 2 to RAU 2; P L1 and P L2 is the total path loss for the wireless links from MS 1 to RAU 1 and from MS 2 to RAU 2, which will be computed in decibel as
where d 1 is the wireless link distance between MS 1 and RAU 1, d 2 is the wireless link distance between MS 2 and RAU 2, and c is the speed of light in vacuum. γ ox and γ wv is the attenuation coefficients of oxygen and water vapour, respectively.
Next, the encoded optical signal from the CS is amplified with the gain of G CS and then transmitted to RAUs via optical fiber. At RAUs, the optical signal is converted to electronic signal by using PDs. The electronic signal after PDs can be written as
where 1 and 2 are the responsivity of the photodiodes PD 1 and PD 2, respectively. These signals are again amplified at RAU before being transmitted to MSs. Finally, the electrical signals received at MSs can be expressed as (8) and (9), where n M S1 and n M S2 are the receiver noise at MS 1 and MS 2, whose variances can be written as
where B n is the effective noise bandwidth, K is Boltzmanns constant, T is the absolute temperature at the RF receiver, F M S1 and F M S2 are the noise figures at the receiver MS 1 and MS 2, respectively.
Because MS 1 knows its signal transmitted in the first time slot, i.e., s 1 (t), and channel coefficients, it can remove this signal, i.e., the first term of (8), from the total received signal by using a subtractor. A similar scheme is implemented in MS 2. Consequently, the signal outputted from the subtractors at MS 1 and MS 2 can be rewritten as
Based on (11) and (12), the SNRs at MS 1 and MS 2 can be expressed as
where G S1 and G S2 are the gains of amplifiers at MSs.
Bit Error Rate
Assuming that the binary data is modulated at MSs using quadrature phase shift keying (QPSK) modulation, the bit error rates of the data recovered at MSs can be calculated as [19]
where erfc(.) is the complementary error function.
System Throughput
Practically, a N -bit data packet is exchanged between two MSs in one time slot, whose duration is T s , thereby having a nominal data rate of R s = N/T s (bps). With N -bit data packet, the packet error probabilities at MS 1 and MS 2, i.e., P p1 and P p2 , are the functions of the bit error rates and thus can be expressed as
As the packets exchanged between two MSs need two time slots, the throughput of the proposed system can be calculated as
where Ω 1 and Ω 2 are the events that a packet is received correctly at MS 1 and MS 2, respectively. Ω 1 and Ω 2 are the complementary events. Pr (Ω 1 ) is the probability of the event Ω 1 and Pr (Ω 2 ) is the probability of the event
is the probability of receiving correctly a packet at both MS 1 and MS 2; Pr Ω 1 , Ω 2 is the probability of receiving correctly a packet at MS 1 and receiving erroneously at MS 2; and Pr Ω 1 , Ω 2 is the probability of receiving erroneously a packet at MS 1 and receiving correctly at MS 2. Based on (16), the normalized throughput of the system is given by
Numerical Results
Based on the mathematical models presented in Section 3, in this section, BER and normalized throughput of the proposed CS-based bidirectional relaying MMW/RoPOF system is investigated as a function of a number of system parameters including the RF transmitted power at MSs (P s 1/2 ), the laser output power at RAUs (P U 1/2 ), the wireless link distance (d 1/2 ), and the optical fiber length (L 1/2 ). For the sake of simplicity, we assume that P S1 = P S2 = P S , P U1 = P U2 = P U ,
System parameters and constants used in our analysis are summarized in Table  1 .
Firstly, Fig. 4 indicates the numerical result of the BER and the normalized throughput versus the RF transmitted power at CS (P S ) with the POF length of 300 m, the MMW link length of 10 m, and the optical transmitted power at RAUs of 5 dBm. It is apparent from this figure that the increase of P S helps to reduce the BER and improve the normalized throughput. The requirement of BER lower than 10 −6 can be met when P S is equal or larger than 6 dBm. In addition, with the packet length of 100 bits, the system can achieve the maximum normalized throughput of one when P S is equal or larger than 4 dBm.
In Fig. 5 , the BER and the normalized throughput is investigated versus the wireless link distance with several values of RF transmitted power at MSs. The POF length and the optical transmitted power at RAUs are also fixed at 300 m and 5 dBm, respectively. This figure helps to determine the maximum MMW wireless link's distance at which the system can achieve a specific required BER or throughput. For instance, to provide the BER that is equal or lower than 10 −6 , the wireless link distance should be shorter than 13 m for the case that P S = 10 dBm. Similarly, with the packet length of 100 bits, the maximum wireless link distance corresponding to the normalized throughput of one is 10 m when P S = 5 dBm. When P S = 10 dBm, the maximum wireless link distance is extended to 13 m. This value of wireless link distance is suitable for a RAU that provides the coverage for a room in a house.
Next, Fig. 6 investigates the BER and the normalized throughput versus the POF length with the wireless link distance of 10 m, P S = 5 dBm, and N = 50 bits. Three values of optical transmitted power including 0 dBm, 3 dBm, and 5 dBm are considered in this result. As can be seen from the figure, low BER and high throughput could be reached with short optical fiber length. In order to keep the BER and the normalized throughput at the certain levels while the POF length increases, it is necessary to increase the optical transmitted power. When P U = 0 dBm, the maximum normalized throughput of one can be maintained with the POF length at maximum of 250 m. It can be extended to 300 m with P U = 5 dBm. Similarly, lower BER can be achieved with higher value of optical transmitted power.
Finally, Fig. 7 demonstrates the relation between the normalized throughput and the optical transmitted power at RAUs with several values of RF transmitted power at MSs including 5 dBm, 8 dBm, and 10 dBm. Clearly, high optical transmitted power at RAUs is needed to achieve the maximum normalized throughput. In addition, the increase of RF transmitted power at MSs helps to reduce the requirement of optical transmitted power at RAUs. For instance, when P S increases from 5 dBm to 10 dBm, the required optical power at RAUs to achieve the maximum throughput reduces from 5 dBm to 2.5 dBm.
Conclusion
This paper has proposed the novel architecture which combines MMW/RoPOF and analog network coding for home area network. The proposed architecture is cost-effective as it can support bidirectional half-duplex communication between any pair of mobile stations in the house using a shared plastic optical fiber. The main contribution of the paper was the comprehensive performance analysis of a end-to-end communication link between two MSs under the impact of major impairments induced by both fiber and wireless links. The numerical results in terms of BER and the normalized throughput demonstrated the feasible of our proposed HAN. In addition, useful information for the design of HAN such as the required RF/optical transmitted power and the supportable wireless distance/POF length were given in this paper.
